The outer membrane proteins (OMPs) of Gram-negative bacterial cells, as well as the mitochondrion and chloroplast organelles, possess unique and highly stable ␤-barrel structures. Biogenesis of OMPs in Escherichia coli involves such periplasmic chaperones as SurA and Skp. In this study, we found that the ⌬surA ⌬skp double-deletion strain of E. coli, although lethal and defective in the biogenesis of OMPs at the normal growth temperature, is viable and effective at the heat shock temperature. We identified FkpA as the multicopy suppressor for the lethal phenotype of the ⌬surA ⌬skp strain. We also demonstrated that the deletion of fkpA from the ⌬surA cells resulted in only a mild decrease in the levels of folded OMPs at the normal temperature but a severe decrease as well as lethality at the heat shock temperature, whereas the deletion of fkpA from the ⌬skp cells had no detectable effect on OMP biogenesis at either temperature. These results strongly suggest a functional redundancy between FkpA and SurA for OMP biogenesis under heat shock stress conditions. Mechanistically, we found that FkpA becomes a more efficient chaperone for OMPs under the heat shock condition, with increases in both binding rate and affinity. In light of these observations and earlier reports, we propose a temperature-responsive OMP biogenesis mechanism in which the degrees of functional importance of the three chaperones are such that SurA > Skp > FkpA at the normal temperature but FkpA > SurA > Skp at the heat shock temperature.
T he outer membranes of Gram-negative bacterial cell and such eukaryotic organelles as mitochondria and chloroplasts are considered evolutionarily conserved cellular structures (1-3), within which the integral ␤-barrel outer membrane proteins (OMPs) are commonly found (4) (5) (6) (7) . The biogenesis of OMPs in Gram-negative cells such as Escherichia coli involves multiple steps, including the synthesis in the cytoplasm and translocation across the hydrophobic inner membrane and the hydrophilic periplasmic space before the final folding and assembly in the hydrophobic outer membrane (7, 8) . In the periplasmic space of the Gram-negative bacteria, the quality control for OMP biogenesis is potentially demanding, partially due to the lack of a stable chemical environment as a consequence of the high permeability of the outer membrane to hydrophilic molecules smaller than 600 Da (9) .
In the periplasmic space of E. coli, mainly three quality control factors, SurA, Skp, and DegP, have so far been reported to be involved in the biogenesis of OMPs (10) (11) (12) (13) (14) (15) (16) (17) . Genetic studies indicate that SurA apparently plays a primary role, as reflected by the facts that both ⌬surA ⌬skp and ⌬surA ⌬degP strains are lethal, while a ⌬skp ⌬degP strain is viable (10, 11) , and that a single deletion of surA significantly decreases the levels of folded OMPs (13, 16) . SurA was found to possess both peptidyl-prolyl isomerase activity and general chaperone activity (18) . Moreover, SurA selectively binds to a peptide motif that is characteristic of OMPs (19, 20) and directly interacts with the Bam complex (11) , an essential machinery for OMP assembly (21) (22) (23) . Skp was also found to form soluble intermediates with nascent OMPs (24) , assist OMP refolding (25) , and interact only with the ␤-barrel domain of OmpA and not with its periplasmic domain (26) . DegP was reported to exhibit both chaperone and protease activities (27) and to be essential for the survival of cells cultured at heat shock temperatures (28, 29) or of cells expressing assembly-defective mutant OMPs at the normal growth temperature (30, 31) . In addition, OMPs could be copurified with DegP (12) .
Both biochemical and genetic studies on the roles of these quality control factors for OMP biogenesis of E. coli cells were usually performed at the normal growth temperatures (e.g., 30°C and 37°C). Under heat shock conditions, the quality control of OMP biogenesis should be more stringent, since proteins in general become more prone to misfolding and aggregation. What strategies cells use to deal with such challenges have seldom been investigated. Here, starting with our observation that the ⌬surA ⌬skp mutant strain is lethal at the normal temperature of 37°C but, strikingly, is viable at the heat shock temperature of 44°C, we identified FkpA as the multicopy suppressor for the lethal phenotype of the ⌬surA ⌬skp strain at the normal temperature. Further, gene deletion studies revealed that FkpA is functionally redundant with SurA for both cell growth and OMP biogenesis under the heat shock condition. We also demonstrated that under the heat shock condition, the chaperone activity of FkpA toward OMPs is increased, accompanied by an increase in the binding rate and affinity between them.
MATERIALS AND METHODS
Strains and growth conditions. The BW25113 (wild-type), JW0052 (⌬surA Kan r ), JW0157 (⌬degP Kan r ), and JW3309 (⌬fkpA Kan r ) E. coli strains were provided by the Keio Collection (Japan) (32) . A single-deletion mutant strain (⌬skp), a double-deletion mutant strain (⌬skp ⌬degP Cam r ), and double-deletion mutant strains (⌬skp ⌬surA pBADsurA Kan r and ⌬surA ⌬degP pBADsurA Kan r ) of MC4100 were kindly provided by Thomas J. Silhavy of Princeton University (11) . The ⌬fkpA ⌬degP (Kan r Cam r ) strain was kindly provided by Jean-Michel Betton of the Pasteur Institute (33) . The JCL011 (⌬surA ⌬fkpA Kan r Tc r ) and JCL012 (⌬skp ⌬fkpA Tc r ) strains were constructed in this study. Details for all these strains are listed in Table S1 in the supplemental material. All strains were precultured at 37°C in LB medium with proper antibiotics. For the ⌬skp ⌬surA and ⌬surA ⌬degP strains, cells were precultured overnight in the presence of 0.2% L-arabinose (to induce the expression of SurA), washed twice with fresh LB medium, and diluted 10,000-fold (for ⌬skp ⌬surA) or 2,000-fold (for ⌬surA ⌬degP) before being subcultured for 8 h at 37°C or 44°C, with SurA being depleted during such subculturing. For colony formation, the overnight cultures were diluted 10 Ϫ1 -, 10 Ϫ2 -, 10 Ϫ3 -, 10 Ϫ4 -, 10 Ϫ5 -, or 10 Ϫ6 -fold, and 10 l of each was dripped onto the solid medium and cultured at 37°C or 44°C.
Copurification of proteins interacting with FkpA. Proteins interacting with the C-terminally His-tagged wild-type FkpA that was expressed from the pBAD-FkpA-His 6 vector in ⌬fkpA cells were copurified using nickel-nitrilotriacetic acid (Ni-NTA) resin. For this, cells were cultured overnight at 37°C, diluted 100-fold, and subcultured in the presence of 0.002% L-arabinose at 37°C or 44°C for 6 h; they were then harvested, washed, and resuspended in buffer A (50 mM NaH 2 PO 4 and 50 mM NaCl, pH 7.5) before being lysed by sonication on ice. After centrifugation at 20,000 ϫ g for 30 min at 4°C, the supernatants were subjected to affinity chromatography purification at room temperature by being loaded onto a 1-ml Ni-NTA column (GE Healthcare) and washed sequentially with 50 ml of buffer A and 50 ml of buffer A containing 50 mM imidazole before the bound proteins were eluted with 5 ml of buffer A containing 500 mM imidazole. The eluted samples were then desalted using a PD-10 column (GE Healthcare) before being subjected to immunoblotting analysis. The protein concentration was determined using a Bradford bicinchoninic acid (BCA) kit (Pierce).
Construction of double-deletion strains. The ⌬surA ⌬fkpA and ⌬skp ⌬fkpA mutant strains were constructed from the ⌬surA and ⌬skp single mutant strains, respectively, by using the gene-doctoring system (34) . For this purpose, we constructed two plasmids, pACE and pDOC-fkpA-Tc. Plasmid pACE possesses elements similar to those of plasmid pACBSCE (34) , encoding the -Red recombinase and the I-SceI restriction enzyme, both under the control of the ara promoter, and carrying a chloramphenicol resistance gene and a cleavage site of I-SceI. The plasmid pDOCfkpA-Tc carries 400-bp fragments from the upstream and downstream regions of the fkpA coding sequence, with the tetracycline resistance gene between them and two I-SceI sites flanking this fkpA-Tc cassette sequence, as well as the ampicillin resistance gene and the counterselection sacB gene for killing the plasmid-carrying cells. Chromosomal deletion of the fkpA gene was performed basically according to the method described previously (34) . The deletion of the fkpA gene from the genomic DNA of each strain was verified by PCR using primers 16 and 17 in Table S3 in the supplemental material.
Seminative SDS-PAGE. Seminative SDS-PAGE analysis of OMPs was performed by directly loading the cell lysate samples (i.e., without boiling treatment) to maintain the folding status of OMPs (21) . For preparing the samples, 1 ml of cells with an optical density at 600 nm (OD 600 ) of 1.0 was pelleted, resuspended in 100 l of buffer A (50 mM NaH 2 PO 4 and 50 mM NaCl, pH 7.5), mixed with 50 l of 6ϫ SDS sample loading buffer (TransGen), and incubated at 37°C for 10 min (35) before application to SDS-PAGE. As controls, fully denatured OMPs were prepared by boiling the samples for 10 min. All the electrophoresis was performed with 10% acrylamide gels. For the effective transfer and detection of the folded oligomers of OMPs that are wrapped by lipopolysaccharides, the gel was heated by steaming for 10 min before the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane for immunoblotting analysis (21, 36) .
Light scattering analysis of OmpF aggregation. The aggregation of chemically denatured OmpF during dilution in buffer A (50 mM NaH 2 PO 4 and 50 mM NaCl, pH 7.5) was monitored by light scattering using a Hitachi F-4500 spectrofluorometer with excitation and emission wavelengths both at 500 nm (18), a bandwidth of 2.5 nm, and a recording interval of 0.5 s. For the light scattering assay, the baseline was set by recording for 100 s on 990 l of buffer A containing the concentrations of FkpA, SurA, or Skp indicated below and prewarmed at the temperatures indicated below before the aggregation of OmpF started when 10 l of 8 M urea-denatured OmpF (50 M) was added. The temperature was maintained by connecting the sample cell with a circulation of thermostat water bath.
Fluorescence stopped-flow measurements. Fluorescence stoppedflow measurement was performed using an SFM-300 stopped-flow module (Bio-Logic, France) equipped with a 532-nm CW Ya-Ge laser (SUW Tech, China) as the light source. The stopped-flow unit and the observation cell with a 1.5-mm path length were temperature controlled by circulating water from a temperature-controlled bath. The dead time of the instrument was estimated to be 2.4 ms. The Cy3 dye was excited at 532 nm, and the Cy5 dye emission was detected using a 685/40 filter (Semrock, USA). The stopped-flow experiment was performed with the protein samples dissolved in a buffer containing 50 mM phosphate-buffered saline (PBS; pH 7.0), 100 mM NaCl, and 0.01% Tween 20 (Sigma, Germany). For fluorescence resonance energy transfer (FRET) experiments, Cy3-labeled OmpC in 8 M urea solution was mixed with Cy5-labeled FkpA with a volume ratio of 1:20 to achieve a nondenaturing environment. The final concentrations of labeled OmpC and FkpA were both 0.03 M.
Methods for plasmid construction, protein purification, and immunoblotting are described in the supplemental material.
RESULTS
The ⌬surA ⌬skp mutant strain is lethal at the normal temperature of 37°C but is viable at the heat shock temperature of 44°C.
In an attempt to investigate the roles of SurA, Skp, and DegP in OMP biogenesis under the heat shock condition, we systematically examined the viability of cells lacking one or two of these proteins. During this study, the most intriguing observation was that the ⌬surA ⌬skp double-deletion strain, although lethal at the normal temperature of 37°C as reported earlier (10, 11) , is viable at the heat shock temperature of 44°C (Table 1 and Fig. 1A and B). Corresponding to this striking phenotype of the ⌬surA ⌬skp cells, the level of folded OMPs (as represented by OmpC and OmpF), although significantly reduced at 37°C as reported earlier (10, 11) , becomes largely comparable with that of the wild-type cells at 44°C (Fig. 1C ). These observations strongly suggest that SurA and Skp as a whole, although essential at the normal temperature for OMP biogenesis, become no longer essential and are thus most likely replaced by another chaperone protein(s) under the heat shock condition.
Identification of FkpA as the multicopy suppressor for the lethal phenotype of the ⌬surA ⌬skp mutant at the normal temperature. We assumed a scenario as such that the expression level or the activity of this presumed substitutive chaperone is low at the normal temperature of 37°C but becomes high at 44°C, which consequently enables the ⌬surA ⌬skp cells to be viable at the heat shock temperature. It follows that this protein, if overexpressed, would rescue the lethal phenotype of the ⌬surA ⌬skp cells at 37°C. We initially examined whether DegP is the one, as it is upregulated and essential under heat shock conditions (27) (28) (29) 37) . Neverthe-less, overexpression of neither the wild-type DegP nor the protease-deficient mutant DegP(S210A) alleviated this lethal phenotype (see Fig. S2 in the supplemental material).
We then examined the effect of two other major periplasmic chaperones, FkpA and PpiD (33, 38, 39) , despite the fact that the deletion of both of them hardly affected OMP biogenesis as observed under normal temperatures (40) . Remarkably, the overexpression of FkpA, but not PpiD (although at the same fold overexpression both from pACYC184-derived plasmids), effectively rescued the lethal phenotype of the ⌬surA ⌬skp cells at 37°C (Fig.  2A) . Consistent with this, the levels of folded OMPs were also recovered to that of the wild-type cells (Fig. 2B , lane 4 versus lane 1). It is noted that PpiD was reported to rescue the defect in OMP biogenesis of the ⌬surA mutant cells in some previous studies; however, these data were problematic, since either the level of PpiD overexpression was too high (more than 100-fold) (38) or its promotion effect for OMP biogenesis was very limited (39) . Our observations reveal that FkpA is a specific multicopy suppressor of the ⌬surA ⌬skp mutant strain at the normal temperature and suggest that FkpA is the putative chaperone supporting the survival of the ⌬surA ⌬skp mutant at the heat shock temperature of 44°C.
To determine whether FkpA plays a direct role in OMP biogenesis, we performed affinity copurifications using C-terminally Histagged FkpA expressed from a multicopy plasmid, pBAD-FkpA-His 6 , in ⌬fkpA cells to capture those FkpA-interacting proteins in cells. Results displayed in Fig. 2C reveal that at 37°C, FkpA was able to interact with OMPs (e.g., OmpC and OmpF) but not with the periplasmic protein MalE. At 44°C, the complex formed between FkpA-His 6 and its substrates binds to the Ni-NTA resin only very poorly (data not shown), which most likely reflects a temperaturedependent change in the oligomeric status and thus the altered exposure of the C terminus of FkpA under this heat shock condition as revealed by the chemical cross-linking results as shown in Fig. S3 in the supplemental material. Interestingly, the OMPs bound to FkpA existed in three different forms, including the unfolded precursor form, the unfolded mature form, and the folded form. Whether these multiple forms reflect the folding process of OMPs directly assisted by FkpA merits further exploration. These results apparently indicate that FkpA specifically binds to OMPs in cells.
Heat shock enhances the functional importance of FkpA for OMP biogenesis. We then examined the effect of fkpA gene dele- Table S1 in the supplemental material. b Accumulation of misfolded OMPs was detected.
FIG 1
The ⌬surA ⌬skp mutant is lethal and defective in OMP biogenesis at the normal temperature of 37°C but not at the heat shock temperature of 44°C. (A)
Growth curves of the indicated strains cultured in liquid medium at 37°C or 44°C. (B) Colony formation on the solid medium (petri dishes) at 37°C or 44°C after serial culture dilutions for the indicated strains. (C) Immunoblotting of folded OMPs in the indicated cell lysates that were separated by seminative SDS-PAGE and detected by using the antibodies against OmpF and OmpC. The boiled cell lysates were included to indicate the positions of the unfolded OMPs, BamB was used as a loading control, and SurA was also analyzed to confirm its complete depletion in the ⌬surA ⌬skp cells. All the cells used for this experiment were precultured overnight at 37°C before being subjected to growth analysis by subculture at 37°C or 44°C for 6 h (liquid medium) or overnight (solid medium). For the ⌬surA ⌬skp cells, L-arabinose was added to induce the complementary expression of SurA during the overnight preculturing stage but was removed by centrifugation and washing before subculture. The specificity of the antibodies against OmpC and OmpF used in these analyses was verified using ⌬ompF and ⌬ompC cells and is shown in Fig. S1 in the supplemental material. The gene designations indicate the genes that were deleted.
tion on cell growth and OMP biogenesis at both normal and heat shock temperatures. No significant phenotype defects were observed for the ⌬fkpA cells (Table 1) . We then decided to analyze the ⌬surA ⌬fkpA and ⌬skp ⌬fkpA double-mutant cells. Notably, the ⌬surA ⌬fkpA double-deletion mutant cells (with PCR verification in Fig. S4 in the supplemental material) were no longer viable at 44°C (Fig. 3A) , although they were viable at 37°C (Fig.  3B) . Correspondingly, the level of folded OMPs (as represented by OmpC and OmpF) in this strain was significantly reduced at 44°C compared with that of both the wild-type and the ⌬surA singlemutant cells (Fig. 3C , lane 9 versus lanes 6 and 7). In contrast, the double deletion of skp and fkpA hardly affected the cell growth at either 37°C or 44°C (Table 1 ; see also Fig. S5A in the supplemental material). Correspondingly, the levels of folded OMPs in the ⌬skp ⌬fkpA cells were almost identical with that of the wild-type and the ⌬skp single-mutant cells (see Fig. S5B ).
It is also noted that at 37°C, the levels of folded OMPs for the viable ⌬surA ⌬fkpA and lethal ⌬surA ⌬skp cells are both decreased compared with that of wild-type cells; however, the former is significantly higher than the latter (see lane 5 versus lane 3 in Fig. S5C in the supplemental material). By the same token, at 44°C, although the levels of folded OMPs for the lethal ⌬surA ⌬fkpA and viable ⌬surA ⌬skp cells are both decreased compared with that for the wild-type cells, the former is significantly lower than the latter (see lane 6 versus lane 4 in Fig. S5C ).
We next addressed how FkpA acts as a chaperone to enable the ⌬surA ⌬skp mutant to survive at the heat shock temperature of 44°C but not at the normal temperature of 37°C. To this end, we first analyzed whether FkpA is expressed only at 44°C and not at 37°C as we initially assumed. Immunoblotting analysis indicates that its expression levels are highly comparable at these two temperatures in the ⌬surA ⌬skp mutant cells (see lane 3 versus lane 4 in Fig. S6 in the supplemental material), in line with what was observed for the wild-type cells (see lane 1 versus lane 2). Given that the overexpression of FkpA is able to rescue the lethal phenotype of ⌬surA ⌬skp cells at 37°C (Fig. 2A) , another, more likely, scenario is that the chaperone activity of FkpA is low at the normal temperature but becomes high at the heat shock temperature. To verify this hypothesis, we analyzed the chaperone activity of FkpA at these two temperatures by employing exogenous FkpA as expressed from the pACYC-pFkpA-His 6 plasmid to determine the recovery of the level of folded OMPs in living ⌬surA ⌬fkpA cells.
The results of such a chaperone assay indicate that the exogenous FkpA in living ⌬surA ⌬fkpA cells indeed exhibited a significantly higher activity at the heat shock temperature of 44°C than at the normal temperature of 37°C. Specifically, at 37°C, in the pres- ence of such exogenous FkpA, the level of folded OMPs (as represented by OmpC and OmpF) in the ⌬surA ⌬fkpA cells was recovered to a level that was significantly lower than that of the wildtype cells (Fig. 3C, lane 5 versus lane 1) . In contrast, at 44°C, the folded OMPs were recovered to a level that was apparently higher than that of the wild-type cells (Fig. 3C, lane 10 versus lane 6) .
We quantitatively calculated the relative chaperone activity of the FkpA protein in promoting OMP folding by using the equation that is described in the supplemental material. The data, as presented in Fig. S7 in the supplemental material, clearly demonstrate that the relative chaperone activity of the exogenous FkpA as present in the ⌬fkpA ⌬surA cells is about 15-fold higher at 44°C than at 37°C. In line with this, the chaperone activity of the endogenous FkpA, as expressed from the genomic fkpA gene in the ⌬surA cells, was calculated to be about 20-fold higher at 44°C than at 37°C (see Fig. S7 ).
Taken together, these observations strongly indicate that although SurA functions as the primary periplasmic chaperone with Skp as the minor one under the normal condition (at 37°C), SurA and FkpA are both effective primary periplasmic chaperones under the heat shock condition (at 44°C) for the biogenesis of OMPs.
Heat shock treatment enhances the in vitro chaperone activity of FkpA and its interaction with OMPs. We then examined the chaperone-like activity of FkpA on unfolded OMPs in vitro by using the light scattering technique. Results shown in Fig. 4A demonstrate that at 44°C, FkpA is able to effectively suppress the aggregation of unfolded OmpF during its dilution. In contrast, at 37°C, FkpA is unable to prevent the aggregation of OmpF as effectively as it does at 44°C (Fig. 4B) , although OmpF aggregates to a lower extent at a lower temperature. In addition, the suppression effect of FkpA on OmpF aggregation was apparently concentration dependent (Fig. 4A ), in line with the general property of molecular chaperones. In contrast with that of FkpA, the chaperone-like activity of SurA in suppressing OmpF aggregation was found to be stronger at 37°C than at 44°C (see Fig. S8A and B in the supplemental material), while that of Skp was found to be low at both temperatures (see Fig. S8C and D) . These in vitro results demonstrate that the chaperone function of FkpA, but not of SurA or Skp, was significantly enhanced under the heat shock condition, which is in line with our in vivo data ( Fig. 3 ; see also Fig. S5 in the supplemental material).
To further understand the mechanism of the temperature-dependent chaperone activity of FkpA, we determined the binding kinetics of FkpA toward OMPs at different temperatures by measuring the fluorescence resonance energy transfer (FRET), which was used in our earlier study to determine the binding kinetics of SurA, Skp, and DegP toward OMPs (15) . In this study, OmpC was chosen as the representative OMP, for a better comparison with the previous kinetic data that were also obtained by using this protein (15) . We labeled FkpA and OmpC with Cy5 and Cy3 (with the circular-dichroism [CD] spectrum analyzed in Fig. S9 in the supplemental material), respectively, and then performed FRET experiments in a stopped-flow instrument. Results shown in Fig.  4C and Table 2 reveal that the binding of FkpA to unfolded OmpC is a very fast process, with relaxation times (t 1/2 ) of 37.3 Ϯ 1.4 ms, 14.9 Ϯ 0.7 ms, and 6.6 Ϯ 0.4 ms at 25°C, 37°C, and 44°C, respectively, apparently reflecting an acceleration of the binding rate upon temperature elevation. Notably, these rates are indeed similar to those of SurA (t 1/2 ϭ 58.5 Ϯ 0.7 ms) and Skp (t 1/2 ϭ 18.8 Ϯ 0.3 ms) but much higher than that of DegP (t 1/2 ϭ 28.3 Ϯ 0.1 s) in binding to unfolded OMPs, as previously reported (15), which supports the notion that FkpA functions as an effective chaperone for OMP biogenesis. Interestingly, the binding affinity between FkpA and OMP is also enhanced at a higher temperature, as shown by the results displayed in Fig. 4D and Table 2 , showing that the dissociation constants (K d ) are 38.5 Ϯ 7.8 nM, 23.2 Ϯ 3.5 nM, and 12.4 Ϯ 3.7 nM at 25°C, 37°C, and 44°C, respectively, which are somewhat similar to those of SurA (106 Ϯ 84 nM) and Skp (15.9 Ϯ 7.2 nM) as previously reported (15) . The association rates [k a , calculated as (t 1/2 ϫ C) Ϫ1 , where C is the concentration of FkpA and OmpC] and the dissociation rates (k d , calculated as K d ϫ k a ) between FkpA and OMP are found to be significantly increased upon temperature elevation (Table 2) .
DISCUSSION
The molecular mechanism of OMP biogenesis has been seldom studied as it occurs under heat shock conditions, although under such conditions OMP biogenesis is believed to be greatly challenging (6, (41) (42) (43) (44) . The increased difficulty of OMP biogenesis under such heat shock conditions is indicated by our observation of a significantly lower level of folded OMPs (Fig. 1C, lane 1 versus  lane 4, and Fig. 3C, lane 1 versus lane 6 ). In line with this, our in vitro analysis, with the data displayed in Fig. 4A and B, demonstrate that OMP refolding intermediates (as represented by OmpF) become more prone to aggregation under heat shock conditions. It follows that unique strategies would be required for cells to cope with such challenges for OMP biogenesis under heat shock conditions.
Here we report a novel quality control mechanism for OMP biogenesis at the heat shock temperature such that SurA functions Table 2 . redundantly with FkpA under this condition. This study started with our unexpected observation that the ⌬surA ⌬skp mutant, although lethal at 37°C, is viable at 44°C (Table 1 and Fig. 1 ). We then identified FkpA as the multicopy suppressor for the lethal phenotype of this strain (Fig. 2) . Subsequently, we demonstrated that in contrast to the ⌬surA ⌬skp mutant, the ⌬surA ⌬fkpA mutant is viable at 37°C but becomes lethal at 44°C (Table 1 and Fig.  3) . Further in vitro analysis demonstrated that FkpA becomes more efficient in preventing OMP aggregation and binds to the OMP substrate in a faster and stronger manner at the heat shock temperature (Fig. 4) . In view of the effects of single or double deletions of the three molecular chaperones (i.e., SurA, Skp, and FkpA) on the cell growth and OMP biogenesis (as represented by OmpC and OmpF) as summarized in Table 1 , we propose a temperaturedependent OMP biogenesis mechanism regarding the differential roles of SurA, FkpA, and Skp, as schematically illustrated in Fig. 5 . Specifically, at the normal temperature, SurA functions as the primary chaperone, Skp as the moderately important chaperone, and FkpA as the least important one (i.e., SurA Ͼ Skp Ͼ FkpA); under the heat shock condition, SurA and FkpA are equally important, while Skp becomes the least important one (i.e., FkpA ϭ SurA Ͼ Skp). On the other hand, our in vitro data demonstrate that FkpA is able to suppress the aggregation of unfolded OMPs in a significantly more effective manner (Fig. 4A ) than does SurA (see Fig.  S8A in the supplemental material) at the heat shock temperature. To take this into account, we consider the functional importance of FkpA and SurA as such that FkpA Ն SurA under the heat shock condition (Fig. 5) .
DegP seems to play a role in OMP biogenesis different from that of SurA, Skp, and FkpA. This is indicated by the facts that overexpression of DegP or the protease-deficient mutant DegP(S210A) failed to rescue the lethal phenotype of the ⌬surA ⌬skp mutant at 37°C (see Fig. S2 in the supplemental material) and that the ⌬degP strain (in which the dominant chaperones for OMP folding SurA and FkpA are both present) is still lethal at 44°C (Table 1) (28, 29) . These observations strongly imply that DegP principally acts as a protease, with a function fundamentally different from that of SurA, Skp, and FkpA, which all function as chaperones for OMP biogenesis. In support of this, FkpA is more like SurA and Skp than like DegP in its binding kinetics toward OMPs (Table 2 and our earlier study [15] ).
Our conclusion of the different degrees of importance of SurA, Skp, and FkpA for the biogenesis of OMPs at the normal temperature (i.e., SurA Ͼ Skp Ͼ FkpA) also finds support from a recent study by Schwalm et al., who observed that the single deletion of surA rather than skp or fkpA significantly decreased the level of folded LptD and that the double deletion of bamB and skp led to a more severe defect in LptD folding than the double deletion of bamB and fkpA (45) . Notably, they also reported that the double deletion of skp and fkpA led to a significant reduction in the levels of LptD and FhuA and that the overexpression of FkpA was unable to restore the LptD assembly defect of a ⌬surA mutant under normal growth temperatures (45) . We noticed that LptD and FhuA are large (87 kDa and 79 kDa, respectively), both containing a transmembrane ␤-barrel domain and a soluble periplasmic domain. Such unique structural features might contribute to their depending on Skp, FkpA, and SurA as a whole for their biogenesis.
It was reported in an earlier study that the mRNA level of the omp genes was decreased in the ⌬surA mutant cells, thus indicating that the decrease in the protein levels of OMPs in these cells may be due to the downregulation of the transcription of these omp genes (17) . It could not be ruled out that the decrease in the protein levels of OMPs in ⌬surA ⌬fkpA cells under the heat shock condition may also have resulted from the downregulation of OMPs in their mRNA levels. Nevertheless, our biochemical data clearly show that the FkpA protein directly interacts with OMPs and effectively prevents their aggregation, thus strongly supporting a direct chaperone function of FkpA toward OMPs.
Major issues regarding the quality control mechanism of OMP biogenesis that merit further exploration include the following. Do SurA and FkpA function as a functional complex or on separate redundant pathways? Why does Skp become less important under the heat shock condition? How does SurA maintain its structural stability to function efficiently at both normal and heat shock temperatures?
